In the ongoing effort to unlock the chemical potential of marine bacteria, genetic engineering of biosynthetic gene clusters (BGCs) is increasingly used to awake or improve expression of biosynthetic genes that may lead to discovery of novel bioactive natural products. Previously, we reported the successful capture, engineering and heterologous expression of an orphan BGC from the marine actinomycete Saccharomonospora sp. CNQ-490, which resulted in the isolation of the novel lipopeptide antibiotic taromycin A. Herein we report the isolation and structure elucidation of taromycin B, the second most abundant product of the taromycin biosynthetic series, and show that taromycins A and B exhibit complex chromatographic properties indicative of interconverting conformations. Taromycins A and B display potent activity against methicillin-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus faecium clinical isolates, suggestive that the taromycin molecular scaffold is a promising starting point for further derivatization to produce compounds with promising antibiotic characteristics.
In the ongoing effort to unlock the chemical potential of marine bacteria, genetic engineering of biosynthetic gene clusters (BGCs) is increasingly used to awake or improve expression of biosynthetic genes that may lead to discovery of novel bioactive natural products. Previously, we reported the successful capture, engineering and heterologous expression of an orphan BGC from the marine actinomycete Saccharomonospora sp. CNQ-490, which resulted in the isolation of the novel lipopeptide antibiotic taromycin A. Herein we report the isolation and structure elucidation of taromycin B, the second most abundant product of the taromycin biosynthetic series, and show that taromycins A and B exhibit complex chromatographic properties indicative of interconverting conformations. Taromycins A and B display potent activity against methicillin-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus faecium clinical isolates, suggestive that the taromycin molecular scaffold is a promising starting point for further derivatization to produce compounds with promising antibiotic characteristics. Lipopeptide molecules as a source for novel bioactivity have received consistent interest as a source of antibiotics. The earliest recognition of lipopeptide potential came with the isolation and characterization of amphomycin (1) (Figure 1 ), a potent calcium-dependent antibiotic. 1 First characterized in 1953 from Streptomyces canus, 1 was active against Gram-positive bacteria through the disruption of cell wall synthesis. 2 Although the bioactivity of 1 was notable, its tendency to induce hemolysis prevented its clinical use as an antibiotic. 3 Following the discovery of 1, the lipopeptide class of antibiotics has continued to expand, significantly culminating in the Food and Drug Administration approval and commercial success of daptomycin (2) (Figure 1 ). 4 Structurally, lipopepide antibiotics are characterized by a central cyclic decapeptide core with additional exocyclic amino acids terminating in a fatty acid side chain. A wide diversity of lipid side chains has been observed, including differences in chain length, degree of unsaturation and configuration. 5 In addition to the lipid side chain, the bioactivity of lipopeptides has been observed to be highly dependent on their ability to bind calcium within cell walls. The nature of this relationship has been demonstrated with the lipopeptide daptomycin. 6 The aspartic acid residue Asp-7 allows for coordination of Ca 2+ in a 1:1 stoichiometric ratio, resulting in daptomycin aggregation in the cytoplasmic membrane of Gram-positive bacteria. 7 In the ongoing effort to combat antibiotic resistance, the robust bioactivity and success of daptomycin has renewed interest in the antibiotic potential of lipopeptides. Previously, we reported the discovery of a silent biosynthetic gene cluster (BGC) from the marine bacterium Saccharomonospora sp. CNQ-490 with strong homology to the daptomycin BGC. 8 Following capture and heterologous expression of this novel BGC in the Streptomyces coelicolor M1146 host, we described the isolation and structure elucidation of the most abundant secondary metabolite in the series, the chlorinated lipopeptide taromycin A (3). 8 Following this initial discovery, we began our investigation of other products of the taromycin BGC. Described herein is the isolation and structure elucidation of taromycin B (4), a new analog of the taromycin series produced by heterologous expression of the activated taromycin BGC.
LC-MS analysis of ethyl acetate extracts of S. coelicolor M1146-M1 cultures showed a complex profile comprised of at least 10 peaks with isotopic distribution consistent with dichlorinated taromycin A analogs (Figure 2a, Supplementary Figure S1 ). 8 MS and MS/MS analysis of peaks 1 and 3 indicated the addition of oxygen on the central peptide ring. These analogs were not present in initial extracts and grew in abundance over time, thereby indicating peaks 1 and 3 were oxidation artifacts. Peaks 2, 4 and 5 all exhibited identical MS and MS/MS fragmentation patterns to compound 3 (originally isolated from peak 6), 8 while peaks 7-10 similarly all showed m/z 1654.553 consistent with a methylated analog of 3. Throughout this article, we refer to series with m/z 1640.583 as taromycin A (3) and to series with m/z 1654.553 as taromycin B (4). The location of the methylation on the new taromycin analog was of interest as methylation on the acyl side chain could affect the molecule's ability to congregate in the cell wall. Alternatively, methylation on the core peptide could affect Ca 2+ binding, which in turn may also affect the molecule's antibiotic properties. As both situations have precedence in other lipopeptide series, 9 we further explored the structure of the methylated taromycin analog.
Following the collection of four chromatographic peaks corresponding to m/z 1640.583 and four peaks with m/z 1654.553, each of the isolated peaks was re-evaluated by LC-MS and MS/MS analyses. LC-MS data revealed that re-injection of any individual peak with m/z 1654.553 resulted in a mixture that reproduced peak distributions 7-10 ( Figure 2b , Supplementary Figure S3 ). We similarly analyzed individually isolated peaks 2, 4, 5 and 6 (m/z 1640.583), and once again in each case, we consistently observed the appearance of the same family of four peaks with nearly identical distribution (Supplementary Figure S3) . The observed interconversion of peaks suggested the equilibrium of different conformational forms of the two taromycin molecules under experimental conditions.
Compounds 3 (7 mg) and 4 (3 mg) were purified from 2 liter of culture of the S. coelicolor M1146-M1 strain (Supplementary Information). Even though the peak splitting was observed for the isolated fractions, only fractions corresponding to peak 6 for taromycin A and peak 7 for taromycin B were used to perform structure elucidation. High-resolution MS n analysis of 4 by ESI-time of flight and Fourier Transform ion cyclotron resonance MS showed identical peptide core MS fragmentation to that of the compound 3, indicating Table S1 ). The only observed fragmentation difference was found to be on the exocyclic acyl side chain. A structural difference on the acyl side chain corresponds to what has been observed with the natural lipopeptides from the daptomycin-producer Streptomyces roseosporus, where the acyl side chains ranged in chain length, unsaturation and methylation pattern. 10 The structure 4 was then established by comprehensive analysis of one-and two-dimentional NMR spectroscopic data and comparison to those of taromycin A (3) and daptomycin (Table 1, Supplementary Figure S4 ). 11 The locations of the chlorine atoms on the tryptophan and kynurenine residues in 4 were confirmed by HSQC and COSY correlations. The chlorine atoms were found to be on the C-4 and C-6 positions of the kynurenine and tryptophan residues, respectively, consistent with 3 ( Table 1 ). The structure of the exocyclic lipid chain was determined by COSY, HSQC and HMBC NMR correlations ( Figure 3b , Table 1 ). The lipid side chain is eight carbons in length with a methyl branch at the anteiso position (C-6) and similar to that in 1. In addition, the lipid side chain of 4 has two unsaturations at C-2 and C-4, as observed for 3. Although the side chain is branched, the presence of exclusively C 8 chains in the taromycin series may indicate strong selectivity within the taromycin biosynthetic pathway. This would be a departure from the C 11 , C 12 and C 13 chains observed in the natural lipopeptides produced by S. roseosporus. 9 Acyl chain selectivity remains challenging to predict from comparative genomic sequencing due to the high degree of freedom associated with long carbon chains. To date, the challenge of acyl chain selectivity has only been successfully investigated through co-crystallization of substrate alkyl chains with their respective enzyme partners. 12, 13 The stereochemistry of taromycin A (3) was previously determined by Marfey analysis, and the constituent amino acids were found to be of identical stereochemistry to that of daptomycin. 8 Owing to the biosynthetic and structural relatedness of 3 and the methylated analog 4, we anticipated that they would share similar optical properties. We configurations. The stereochemistry of the C-9 methyl group, however, was not determined, though biosynthetically the acyl side chain likely begins with a stereoisomer of isoleucine. 14 During early bioactivity optimization studies, it was found that the C 10 carbon side chain of daptomycin greatly contributes to its potent antibiotic activity. 10 With 3 showing modest bioactivity 8 (Table 2) , the structural differences in 4 offer another opportunity to study the structure-activity relationship in this structural series. Among the antibiotic-resistant pathogens of interest to our study is the highly clinically relevant methicillin-resistant Staphylococcus aureus (MRSA). Taromycin B was found to have minimum inhibitory concentration values identical to taromycin A against three different MRSA strains tested in this study (Table 2) . Daptomycin continues to have the most potent bioactivity of the three molecules, further emphasizing the importance of the C 10 side chain.
In addition to MRSA, we also tested compound 4 against clinically relevant strains of vancomycin-resistant Enterococcus faecium (VRE), a major opportunistic pathogen that is known to cause infections in hospitalized patients. Taromycin B was also determined to have identical minimum inhibitory concentration values to taromycin A against three VRE clinical isolates (Table 2) . It was again the case that daptomycin was found to have the most potent activity against VRE strains.
Although the bioactivity of taromycin B does not match that of daptomycin, literature precedence indicates that taromycin B may show significant bioactivity potential. As described earlier, the length and saturation of the acyl side chain has a critical role in the bioactivity of daptomycin. During the development of daptomycin, numerous side chains were added to the core daptomycin peptide to optimize bioactivity. 9 During those early studies, it was found that C 8 daptomycin had an minimum inhibitory concentration of 8 μg ml − 1 against S. aureus. 9 Taromycin B showed activities of 3.1 and 12.5 μg ml − 1 against the daptomycin-sensitive MRSA strains tested, which is comparable to C 8 daptomycin and indicative of the potential for structure-based optimization of antibiotic activity using this scaffold.
In summary, the heterologous expression of the activated taromycin BGC has yielded a second molecule in the lipopeptide series, taromycin B. This new taromycin analog contains the hallmark 6-chloro-trypophan and 4-chloro-kynurenine residues and is structurally differentiated by methyl branching found on the acyl side chain. Upon chromatographic analyses of isolated taromycin A and B molecules, the appearance of multiple peaks with identical masses was observed. Based on analysis presented here, we propose that these numerous analogs are primarily comprised of two taromycin derivatives; however, additional experiments are required to clarify the structural features that give rise to their suspected conformational differences. Both derivatives, however, have C 8 chains, indicating that the lack of diversity in chain length found within the taromycin series is unique when compared with the variety of chain lengths found within the natural daptomycin producer S. roseosporus, implying greater specificity in taromycin biosynthesis. Taromycin B was found to have antibiotic activity against both S. aureus and E. faecium, though the bioactivity did not match or surpass that of daptomycin. Finally, the taromycin series expands upon our understanding of the chemical potential found in microbial silent gene clusters. 
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